We present a reference-less and time-multiplexing phase retrieval method by making use of the digital micromirror device (DMD). In this method, the DMD functions not only as a flexible binary mask which modulates the optical field, but also as a sampling mask for measuring corresponding phases, which makes the whole setup simple and robust. The DMD reflection forms a sparse intensity mask in the pupil which produces speckle pattern after propagation. With the recorded intensity on the camera and the binary pattern on the DMD, the phase in all the 'on' pixels can be reconstructed at once by solving inverse problems with iterative methods, for instance using Gerchberg-Saxton algorithm. Then the phase of the whole pupil can be reconstructed from a series of binary patterns and speckle patterns. Numerical experiments show the feasibility of this phase retrieval method and the importance of sparse binary masks in the improving of convergence speed.
INTRODUCTION
Phase retrieval is a crucial problem which arises in adaptive optics, digital holography, coherent imaging, phase contrast imaging, and many other applications. [1] [2] [3] Holographic based methods, as a main approach to phase retrieval, require a reference beam to be present in the optical setup. They are generally still difficult to implement in practice. 4 Reconstruction of the phase from the diffracted field intensity by solving inverse problems is actively researched. 5, 6 Generally these inversed problems are ill-posed, additional information or constrains are necessarily required. Taking multiple diffraction patterns usually enhances the uniqueness. It can be accomplished by modulating the optical field before or after the sample. Many multiple structured illumination approaches, including varying masks, gratings, or the axis position of the sample, are reported. 7, 8 However, it is difficult to fabricate masks with high spatial resolution with required structures. Changing the illumination conditions usually needs complex setups. 9 In this paper, we present an alternative reference-less and time-multiplexing phase retrieval method by making use of the digital micromirror device (DMD). In this method, the DMD functions not only as a flexible binary mask which modulates the optical field, but also as a sampling mask for measuring corresponding phases, which makes the whole setup simple and robust. The DMD reflection forms a sparse intensity mask in the pupil which produces speckle pattern after propagation. With the recorded intensity on the camera and the binary DMD pattern, the phase in all the 'on' pixels can be reconstructed at once by solving inverse problems with iterative methods, for instance using Gerchberg-Saxton algorithm. Then the phase of the whole pupil can be reconstructed from a series of binary patterns and speckle patterns.
PRINCIPLES
A digital micromirror device (DMD) is a bidimensional array of thousands of individually switchable micromirrors. It was initially developed by Texas Instrument for image projection. However, due to its excellent spatial light modulation property, emerging new applications are being developed. 10 In our method, the DMD is used to project binary patterns as a method to sample the optical field. The basic principle of phase retrieval is explained in Figure 1 . The surface of DMD is illuminated by coherent laser light. The incident light is aberrated by a transmissive phase object. A DMD and a camera are positioned at the back focal plane and front focal plane of a converging lens respectively. The micromirrors of the DMD are randomly switched on to form n frames of binary masks (i 1, 2,..., n)
With all these masks, the whole DMD plane will be sampled.
Assuming the optical field at the DMD plane is back U , then we have can describe this relation as
In the wave optics, a converging lens performs two-dimensional Fourier transformations. The optical field in the DMD plane and the field in the camera plane front U are related by equation (2).
where F is the focal length of the converging lens, λ is the wavelength, ˆb Iteration methods, for instance the Gerchberg-Saxton algorithm, can be used to reconstruct the optical field. The Gerchberg-Saxton algorithm is a classical and stable method most used since 1972. 11 It is based on the iterative calculation of the forward propagation and back propagation, which means Fourier transform and inverse Fourier transform in this case, as described below (see Figure 2 for details). U % at the front focal plane which is similar to the registered speckle pattern. The phase distribution of this pattern is kept, while the intensity is replace with the registered one. Then the inverse Fourier transform is computed again, starting a new iteration cycle. With multiple iterations, the algorithm converges to the exact distribution of the speckle pattern, which contains the right phase of the 'on' pixels of DMD.
All the pixels will be randomly switched 'on' only once during all the frames. The corresponding phases will be registered and combined together with the help of a shared reference, as shown in Figure 3 . For instance, a single DMD pixel shared by all frames can be used as a reference to integrate all the phase layers. There is no need of extra setups to create a reference.
Multiple binary patterns are used as randomness and sparsity in the intensity pattern leads to a quick convergence in the iterative method. Such effect will be investigated in the following numerical experiments.
RESULTS
Based on the setup in Figure 1 , we built a numerical propagation model to validate the feasibility of this method. In order to investigate the effect of sparsity of given binary patterns, the convergence speed is compared in experiments in different frame numbers (1 frames, 5 frames, 20 frames and 40 frames), see Figure 4 . The whole dimension of the field is 512x512. The size of DMD is set to be 64x64. A defocus aberration has been applied in the DMD plane. For a given total number of frames n, there are 4096/n micromirrors in the 'on' state in each frame. We reconstructed the phase for each of the frames using Gerchberg-Saxton algorithm. The variances between the given aberration and the reconstructed phase in each cycle have been calculated for the first 200 iterations. The effectiveness of the proposed method depends strongly on the total number of frames. When there is just one frame to reconstruct the whole pupil, which means all the DMD pixels are switched on at once, the Gerchberg-Saxton algorithm cannot converge to a stable result. With a total of 5 frames, the first 200 iterations shown a trend of convergence. Yet the phase was still not close to the given value. The converging speed increase dramatically with increase of the total number of frame. Less than 40 iteration cycles are needed to converge for n=20, when 5% of the pixels are turned on. The needed amount of iterations is reduced with the increase of n, and thus the increase of sparsity of the DMD patterns. Though the exact number of iterations is changing with different initial guess, this trend reveals that the condition of sparse sampled input intensity is very important to the success of phase retrieval. Figure 5 Original phase (left, generated by a sum of Zernike polynomial up to the third order) and phase reconstruction from 50 frames.
Adapting the parameters in the numerical model to our own experimental setups, we demonstrated the full reconstruction of the phase in DMD pupil formed by 304x342 pixels from only 50 frames. Each of the frame was created with 2% of the pixels randomly turned on. In the Fourier plane, every frame generated a single intensity pattern, limited to 255 scales of gray, to represent an 8 bit camera image. The center pixel was designated as a reference which was common between all the frames. The simulation yielded the phase reconstruction of an introduced low-order aberration with ten iterations used in the Gerchberg-Saxton algorithm for each frame.
CONCLUSIONS AND OUTLOOKS
We demonstrated the feasibility of phase reconstruction by solving inverse problem from multiple speckle patterns produced by binary masks generated with DMD. The quick convergence in iterative method is conditioned by the randomness and sparsity of the intensity carrier in the DMD pupil.
The experimental implementation of this method is currently in progress. Due to the noise in the real circumstance, more iterations are required. In practice, the propagation model in the iterative algorithm should consider the misalignment and aberrations of the system as well as the computation time in further. In addition, the optimal choice of common reference pixels is also expected to make contribution to reduce the noise.
